Recent studies have indicated a novel function for skeleton unraveling its importance in the control of energy metabolism. In the present commentary, we speculate on the meaning for bone to act as a 'rheostat' modulating glucose metabolism, and how the primitive way of communication between bone and energy metabolism through switch on/off genes (like Ptprv) evolved to a more complicated 'talking' via gain/loss of hormones activity (like osteocalcin) by carboxylation/decarboxylation process.
Introduction
For decades the skeleton has been thought of as a calcified, less active tissue providing a strong framework to support the body and implicated in calcium homeostasis. Recent studies have now suggested a novel function of the skeleton in the regulation of energy metabolism. Indeed, in mice, osteocalcin (OC), a molecule produced by osteoblasts has been found to increase both the secretion and sensitivity of insulin, in addition to increasing the number of insulin-producing cells and reducing stores of fat. Although new aspects of metabolism regulation by the skeleton are uncovered, crucial questions need to be answered: what is the meaning of this crosstalk between bone and energy metabolism, and has this communication been modified through evolution?
Role of carboxylation process
Vitamin K is a fat-soluble vitamin found in a variety of food sources. It refers to a family of compounds, the most common consumed form being phylloquinone (vitamin K 1 ) that is found in plants. Non-plant forms of vitamin K, the menaquinones, are present in some animal foods and in products derived from bacterial fermentation. It is known that vitamin K is not only necessary for coagulation, but also acts as a cofactor helping to introduce carbon dioxide (carboxylation) into glutamic acid (Glu) residues of w12 proteins. The resulting amino acid, g-carboxyglutamic acid (Gla), in the presence of vitamin K has calcium-binding properties that confer function to all vitamin K-dependent proteins, also known as Gla-containing proteins.
Among these proteins are OC and matrix Gla protein (MGP). It is known that OC, the most abundant noncollagenous protein produced by osteoblasts, through the posttranslational carboxylation process gains high affinity for mineral ions thus binding to hydroxyapatite (Hauschka et al. 1989) . Although loss-and gain-of-function experiments in animals have failed to identify a function for OC in extracellular matrix mineralization in vivo (Ducy et al. 1996 , Murshed et al. 2004 , recent data have shown that vitamin K 1 insufficiency followed by higher levels of undercarboxylated OC leads to increased susceptibility to vertebral fracture independent from bone mineral density (Tsugawa et al. 2008) . Moreover, circulating levels of undercarboxylated OC comprise an indicator of risk for hip fracture (Seibel et al. 1997) .
A large volume of studies have indicated that vitamin K-dependent proteins bear additional activities that extend their roles beyond hemostatic and bone metabolism, perhaps in vascular calcification and atherosclerotic complications. Gene deletion studies in mice have shown that MGP is an inhibitor of calcification (Luo et al. 1997) . Moreover, Price et al. (1998) showed that inhibition of vitamin K epoxide reductase complex, subunit 1 by warfarin resulting in undercarboxylation of MGP leads to medial calcification of the arterial vessel wall. Thus, it could be said that carboxylation process is offered as a linkage between osteoporosis and atherosclerosis. Sakamoto et al. (1999) in an attempt to elucidate the role of vitamin K in the pancreas, administered vitamin K to young male volunteers and noticed that the group with low vitamin K intake displayed lower levels of insulin and lower insulinogenic index (incremental immunoreactive insulin over incremental plasma glucose, 0-30 min after 75 g oral glucose loading, indicating the early phase insulin secretion). Subsequently, the same research team (Sakamoto et al. 2000) administered menaquinone-4 (90 mg/day for 1 week) in young male volunteers and examined the insulin and glucose levels during 75 g oral glucose loading before and after the administration of vitamin K. Interestingly, the subjects who had higher serum descarboxyprothrombin levels -i.e., lower vitamin K -exhibited the largest decrease in insulin secretion, suggesting that vitamin K may play an important role in the acute insulin response in glucose tolerance.
In view of a recent report (Lee et al. 2007 ), according to which uncarboxylated OC induces in vitro the expression of insulin, the question arises whether the carboxylation of OC -triggered by vitamin K -was responsible for alterations in insulin response in the young male volunteers. Also, does the process of carboxylation/decarboxylation in the b-cell gain significance and warrant the presence of glutamic acid decarboxylase (GAD) in pancreatic islets? Although the presence of GAD in pancreatic islets has been known since the 1970s (Okada et al. 1976) and is considered to be one of the strongest candidate autoantigens involved in triggering b-cell-specific autoimmunity (Yoon et al. 1999) , its exact role still remains elusive. However, GAD has been shown to increase in islet cultures in a medium with a high glucose concentration (Kämpe et al. 1989) , posing a role of decarboxylation process in insulin secretion.
Bone and energy metabolism cross talk
It has recently been verified that a hormone regulating energy metabolism, leptin, through binding to its receptor on hypothalamic neurons and using the sympathetic tone and cocaine-and amphetamine-regulated transcript regulates bone function (Karsenty 2006) .
Searching for candidate genes that mediate the opposite regulation, of energy metabolism by skeleton, Lee et al. (2007) identified PTPRV that encodes a receptor-like transmembrane protein tyrosine phosphatase present in embryonic stem cells, Sertoli cells, and osteoblasts; the name of the protein it encodes is osteotesticular protein tyrosine phosphatase (PTPRV; Mauro et al. 1994) . Notably, although Ptprv expression is induced during osteoblast differentiation in vitro, there is no skeletal abnormality in Ptprv K/K mice (Dacquin et al. 2004 ). Lee et al. (2007) by inactivating PTPRV in a classic and in an osteoblast-specific manner, found an increase in b-cell proliferation, insulin secretion as well as insulin sensitivity -the latter through increasing the expression of adiponectin, an adipokine known to enhance insulin sensitivity (Yamauchi et al. 2001) .
Surprisingly, Bglap1 -/K mice -originally generated by Ducy et al. (1996) and known to develop a phenotype marked by higher bone formation without impairing bone resorption -were glucose intolerant and fat, displaying the opposite phenotype of Ptprv K/K mice. According to their findings, the uncarboxylated OC regulated glucose homeostasis in Ptprv K/K mice, whilst only uncarboxylated OC induced the expression of insulin, b-cell proliferation and expression of adiponectin in adipocytes, in co-culture assays (Lee et al. 2007) , albeit in different concentrations (Ferron et al. 2008) . These results seem to contradict the aforementioned human in vivo findings of Sakamoto et al. (2000) , although it should be mentioned that Vestri et al. (2008, unpublished data) studying the role of OC in human metabolism found that levels of uncarboxylated OC tended to be loweralbeit not significantly -in normoglycemic insulin resistant as well as untreated type 2 diabetes mellitus (T2DM) patients compared with normoglycemic insulin sensitive patients, concluding that OC is independently related to insulin sensitivity and fasting glucose and these interactions are primarily due to the uncarboxylated form of OC.
In as much as atherosclerosis, osteoporosis, and impairment of b-cell function constitute three of the major components of the aging process in humans progressing in parallel, one might expect them to be affected by the same factor -in this case a common biochemical process like carboxylation of Gla-containing proteins -in a similar manner. It could be discounted if, for example, vitamin K that is present in all body tissues, through carboxylation of bone and MGP, positively affects bone formation and protects from vascular calcification while impairing b-cell insulin secretion.
Evolutional aspect of the communication between bone and glucose metabolism
Could differences between species account for these discrepancies between animal model and human findings? It may be so, since PTPRV, this important signaling molecule for the in vitro progression from a pre-osteoblast to a mature, mineralizing cell (and which has been inactivated in Lee et al.'s experiments) , is the only PTPase whose function has been lost during the evolution process between rodent and human (Cousin et al. 2004) . Looking back at the earlier stages of vertebrate evolution, a need for a strong musculoskeletal system and to a lesser extent for insulin secretion can be recognized. In fact, a strong musculoskeletal could provide to the animal, by fighting, food for energy consumption. Although for some tissues (i.e., brain, erythrocytes) glucose serves as a vital and unique metabolic fuel, these tissues are insulin independent for glucose uptake, whereas in tissues like muscles the need for insulin, at the earlier stages of vertebrate evolution, was probably less, since fighting could serve as a physical activity known to result in a persistent increase in insulin action in skeletal muscle, enhancing, per se, glucose uptake through SLC2A4 translocation (Röckl et al. 2008) . Along this line and in view of Lee et al.' s findings a role of a gene link between skeleton and glucose metabolism could be recognized for PTPRV, since switched on it provided good skeletal health -the major need going back evolutionarily -and switched off it could induce b-cell proliferation, insulin secretion and sensitivity -the major need at the late stages of evolution due to less physical activity and more food consumption. These reciprocal regulations between bone and energy metabolism mediated by PTPRV were in favor of bone, whereas it seems to turn in favor of energy metabolism going on evolutionarily.
Considerations
Missing PTPRV, still remains the necessity of a mediator for communication between skeletal and energy metabolism, since the skeleton is a huge endocrine organ that can easily reflect the mode of living (bone is highly responsive to mechanical forces) and send a message to the energy metabolism not only acutely (insulin secretion) but also probably in a more permanent manner (b-cell proliferation). OC, a molecule found to be induced by mechanical stimuli (physical activity) (Rath et al. 2008) , may participate in the regulation of b-cell proliferation, insulin secretion and insulin sensitivity in humans not only through its secretion but also via a tissue -and cell-specific carboxylation/decarboxylation process, with the latter offering a more fine and short-term regulation. Furthermore, although multiple signaling pathways have been found to act synergistically to mediate physical exercise-stimulated glucose transport through translocation of SLC2A4 (Röckl et al. 2008 ), the search for other possible candidates is ongoing; among them the possible role of OC may warrant investigation.
Thus, it could be speculated that the evolutional differences between mice and humans in skeletogenesis may be expanded and influence the cross talk between energy metabolism and the skeleton.
In conclusion, it can be said that there is undoubtedly a reason for the skeleton to act as a 'rheostat' regulating glucose metabolism, but it seems that the rather primitive way of communication between bone and energy metabolism via switch on/off genes (like Ptprv) evolved to a more complicated and/or delicate 'talking' through gain/loss of activity of hormones (like carboxylated/decarboxylated OC) suiting the purpose of evolution.
